X-ray photons scattered by the interstellar, carry the information of dust distribution, dust grain model, scattering cross section, and the distance of the source and so on; they also take longer time than the unscattered photons. Using a cross-correlation method, we study the light curves of the X-ray dust scattering halo of Cyg X-1, observed with the Chandra X-ray Observertary. Significant time lags are found between the light curves of the point source and its halo. This time lag increases with the angular distance from Cyg X-1, implying a dust concentration in the location of 2.0 kpc × (0.876 ± 0.002). By fitting the observed light curves of the halo at different radii with simulated light curves, we obtain a width of ∆L = 33 +18 −13 pc of this dust concentration. The origin of this dust concentration is still not clearly known.
Introduction
The X-ray dust scattering halo was first discussed by Overbeck (1965) . Rolf (1983) first observed this phenomenon by analyzing the data of GX339-4 with the IPC onboard the Einstein X-ray Observatory twenty years later. After the launch of ROSAT, Predehl & Schmitt (1995) analyzed the data of 25 point sources and four supernova remnants and found a strong correlation between the visual extinction and the hydrogen column density. Smith, Edgar & Shafer (2002) first reported the halo of GX 13+1 between 50 ′′ and 600 ′′ with the data of ACIS-I of the Chandra. Trümper & Schönfelder (1973) first proposed to use the delay and smearing property to determine the distance of X-ray sources. Predhel et al. (2000) used the delay property in determining the distance of Cyg X-3 with the data of ACIS. Hu, Zhang & Li (2004) developed a method of using the power density spectra to determine the distances of X-ray sources.
In this work, we use the cross-correlation method, described in section 2, to study the light curves of the X-ray dust scattering halo of Cyg X-1. We show our results in detail in section 4 and discussions in section 5.
Method
The details of X-ray dust scattering can be found in Van de Hulst (1957) , Overbeck (1965) , Trümper & Schönfelder (1973) , Smith & Dwek (1998) . Here we Figure 1 . Left: X-ray dust scattering geometry. Right : Chandra image of Cyg X-1. The point source of this observation, shown by area 1, has no photons recorded because of the pileup. The annulus 2 shows the area for the annulus of 25
′′ . The box 4 is the streak area and the box 3 is the background for the streak area. The box 5 is the background for the data of annuli. The box 6 is a grating arm.
only discuss the single scattering because of the low halo fraction of Cyg X-1 (Xiang, Zhang & Yao 2005) . As shown in Fig. 1 (left) , the lag time of scattered photons at x can be expressed as
Let L(t) denotes the luminosity of the source at the location of the source, the observed halo intensity at different observational angle φ is given by
From Equation 2, the light curve of the halo is delayed and broadened from that of the source. We can study the delay property directly with the cross-correlation method. The definition of cross-correlation coefficient is given by
here L s and L h are the light curves of the X-ray source and halo. µ s and µ h are the average values of L s and L h respectively.
Data analysis and Simulation
With the long exposure time and the strong variability, Cyg X-1 becomes the first target for our analysis using the cross-correlation. This source was observed with Chandra HETG/ACIS-S for 47 ks on 2003 April 19 (ObsID 3814). We divide the data into three energy bands: below 1 keV (band I), 1 keV∼3 keV (band II), and above 3 keV (band III). Left: Cross-correlation curves of Cyg X-1 in band I, band II and band III, before the PSF contamination is removed. Right: Cross-correlation curves of the halo from 15
X-ray Halo of
′′ to 45 ′′ of band I; the bottom curve in each panel is after the removal of the PSF contamination.
The zeroth-order data (area 1 in Fig. 1 (right) ) of this observation suffered severe pileup (as shown in Fig. 2 ), therefore we extracted the light curve of point source from the zero-order streak which is caused by the charge transfer process of the CCD (Smith, Edgar & Shafer 2002) , as the true light curve of Cyg X-1. We extract the photons from two boxes (area 4 in Fig. 1 (right) ) in the streak area and the same area near the streak (area 3 in Fig. 2 ) as the streak photons and its background. The background of the field of view is taken from a box of 100 pix × 100 pix (area 5 in Fig. 1 (right) ). After making the annuli from 5 ′′ to 100 ′′ with a bin step of 5 ′′ (like annulus 2 in Fig. 1 (right) ) and subtracting the expected background counts, we can extract the photons from those annuli and obtain the light curves for each observational angle.
However, the light curves of annuli suffer from contamination of the center point source due to the PSF of the X-ray telescope. The effect of PSF can be acquired in two different ways: 1) MARX simulation; 2) the observations of point sources with negligible pileup and halo contamination. For method 2), the PSF fraction comes from the observation of PKS 2155-40. This source is known as not affected by halo photons because of low hydrogen column density (Predehl & Schmitt 1995) .
Results
We compare the auto-correlation of the source light curve with the cross-correlation between source light curve and halo light curve. In Fig. 2 at high energy could decrease the intensity of the halo. After extracting the radial profiles of PSF with both observed and simulated data, we found that there is no obvious difference between them. In the following we only use PSF with simulated data. The total counts of the source are estimated with the number of streak counts times the exposure factor, which equals to the frame time divided by the total transfer time of the streak area we used. With the PSF contamination removed, we can then derive the real time lag of each annulus. Fig. 2 (right) shows the cross-correlation curves of 15 ′′ to 45 ′′ in band I. The top curve in each panel is the auto-correlation of the light curve of the source, the middle curve is the cross-correlation of the light curve of the halo and that of the source, the bottom curve shows the same with the middle curve after removing the contamination of PSF effect. The lower two curves have been lowered for clarity. The arrows in each panel indicate the lag time at each halo radius. The fitting result of those peaks are shown in the right of each sub-figure, with a simple Gaussian function.
By fitting the cross-correlation curves, we can get the time lags at each halo radius. The results are shown in Fig. 3 (left) . We use a simple dust wall model to fit the different time lag, with an assumption of 2 kpc distance from Cyg X-1 to us (Mirabel & Rodrigues 2003) . Panel (a) shows the result of band I (below 1 keV) and panel (b) shows band II (1∼3 keV). The best fit result is x = 0.876± 0.002 for band I and x = 0.872± 0.002 for band II. The solid lines show the best fit results. Because of its less contamination of PSF and better fitting, the result of band I is used in this work. The result shows that the dust exists at x = 0.876 ± 0.002, i.e., 1.752 kpc away from us.
To illustrate the time lag revealed by the cross-correlation method, we plot the light curves of the source and halo together. As shown in Fig. 3 (right) , the light curves of the source and the halo at 20 ′′ in band I and band II both reveal an obvious lag of about 8 ks, just as the result from Fig. 3 (left) .
The width of the dust wall at x = 0.876 can also be estimated from the broadening property of the light curves of the halo. We use a simple model of a dust layer extended from x = 0.876 to both sides along the LOS to simulate the light curves of the halo. With Equation 2, we could obtain the ideal response curve of a delta function with the parameter of the dust layer width of ∆L. After convolving the light curve of the source with the ideal response function, we could produce light curves of the halo at each angle. By comparing the X-ray Halo of Cyg X-1 5 simulated curves with the observed curves, we get a range of the parameter ∆L. The 90% confident range is [20, 51] 
pc

Summary and Discussion
The cross-correlation method can avoid assumptions of photon energy, dust grain radius, dust distribution, scattering cross section and so on. Besides, if the position of the scattering dust cloud is known from other methods, we can derive the distances of the sources with this cross-correlation method.
We applied the cross-correlation method to the light curves of Cyg X-1 and found the photons of the halo significantly lag from that of the source itself. This time lag implies a dust concentration at x = 0.876 ± 0.002. By the broadening property of light curves, we derived a dust width of ∆L = 33 +18 −13 pc. The origin of this dust layer is still unknown. There may exists a molecular cloud. The width of ∆L = 33 +18 −13 pc is also consistent with a typical molecular cloud. We searched for all of the known molecular clouds but failed to find a counterpart for this dust layer. Another possibility is that there is a superbubble around Cyg X-1, and x = 0.876 ± 0.002 is just the edge along the LOS. This hypothesis is consistent with Gallo et al. (2003) who found a low density region of about 5 pc around Cyg X-1. We also did not find longer time lags corresponding to the region of about 5 pc to the source in cross-correlation curves or light curves, indicating there is very little dust between x = 0.876 and the center source along the LOS.
